Abstract. The eruption in June 2011 of the Puyehue-Cordón Caulle Volcanic Complex in Chile impacted air traffic around the Southern Hemisphere for several months after the initial ash emissions. The ash deposited in vast areas of the Patagonian Steppe was subjected to the strong wind conditions prevalent during the austral winter and spring experiencing resuspension over various regions of Argentina.
Abstract. The eruption in June 2011 of the Puyehue-Cordón Caulle Volcanic Complex in Chile impacted air traffic around the Southern Hemisphere for several months after the initial ash emissions. The ash deposited in vast areas of the Patagonian Steppe was subjected to the strong wind conditions prevalent during the austral winter and spring experiencing resuspension over various regions of Argentina. In this study we analyze the meteorological conditions that led to the episode of volcanic ash resuspension which impacted the city of Buenos Aires and resulted in the closure of the two main airports in Buenos Aires area (Ezeiza and Aeroparque) on 16 October 2011. A relevant result is that resuspended material (volcanic ash plus dust) imprints a distinguishable feature within the atmospheric thermodynamic vertical profiles. The thermodynamic soundings show the signature of "pulses of drying" in layers associated with the presence of hygroscopic ash in the atmosphere that has already been reported in similar episodes after volcanic eruptions in other parts of the world. This particular footprint can be used to detect the probable existence of volcanic ash layers. This study also illustrates the utility of ceilometers to detect not only cloud base at airports but also volcanic ash plumes at the boundary layer and up to 7 km altitude.
Aerosol properties measured in the city during the resuspension episode indicate the presence of enhanced concentrations of aerosol particles in the boundary layer along with spectral signatures in the measurements at the Buenos Aires AERONET site typical of ash plus dust advected towards the city. The mandatory aviation reports from the National Weather Service about airborne and deposited volcanic ash at the airport near the measurement site (Aeroparque) correlate in time with the enhanced concentrations. The presence of the resuspended material was detected by the CALIOP lidar overpassing the region. Since the dynamics of ash resuspension and recirculation are similar to the dynamics of dust storms, we use the HYSPLIT model with the dust storm module to simulate the episode that affected Buenos Aires. The results of the modeling agree qualitatively with satellite lidar measurements.
Introduction
At the end of April 2011, dozens of volcano-tectonic earthquakes mostly located at the Puyehue-Cordón Caulle Volcanic Complex (PCCVC: 40.59 • S, 72.117 • W; 2236 m a.s.l.) in the Chilean Southern Andes were detected by the Observatorio Volcanológico de Los Andes del Sur dependent of Servicio Nacional de Geología y Minería (SERNAGEOMIN), which is the Chilean agency for geology and mining policies that monitors the volcanic activity and reports the level alerts. The seismic activity at the PCCVC continued with an increasing magnitude and the eruptive process finally began at 10:45 UTC (universal coordinated time) on 4 June 2011. During the initial phase of the subplinian eruption, a large plume of gases and ash particles was injected into the atmosphere up to ∼ 12-14 km height. The PCCVC volcanic activity declined until March 2012, when the red alert level was downgraded to orange and was subsequently switched to yellow on 24 April 2012. This status alert remained until August 2012, when the alert level was finally set to green. A detailed chronological description of the volcanic eruption and a modeling of the volcanic ash dispersion during the main phase explosive events are reported by Collini et al. (2013) . A field-based reconstruction of the volcanic eruption eruptive phases with a detailed characterization of the stratigraphy and deposit features during the entire eruption sequence is presented by Pistolesi et al. (2015) and the exact details of tephra sedimentation and grain size are presented by Bonadonna et al. (2015a) . The determination of physical parameters during the main eruptive phase in relationship with the eruption classification and the characterization of the plume dynamics and spreading is also conducted by Bonadonna et al. (2015b) .
As a result of this eruption many airports were closed and flights were canceled in Chile, Uruguay and Argentina because of the potentially hazardous operating conditions. The PCCVC eruption also impacted air traffic throughout the Southern Hemisphere for several days from South America to Oceania, as prevailing winds at higher levels (300-600 hPa) over this region were strong and westerly.
The eruption of the PCCVC occurred during an extended field campaign when measurements of the properties of atmospheric aerosol particles were being made in the city of Buenos Aires (CABA) to characterize air pollution Raga et al., 2013) . As reported by Raga et al. (2013) , four case studies coincident with the arrival of the ash plume over the Buenos Aires area that led to airport closures were analyzed and evaluated. From these cases the vertical profiles of aerosol backscatter, measured with a ceilometer, clearly identified the presence of the volcanic ash.
It is well documented that volcanic ash can be hazardous to flight operations because ash particles have silicate compounds that can reach their melting point in the jet engine turbines and subsequently crystallize on the turbine blades. This leads to costly and sometimes deadly damage (Casadevall, 1993 (Casadevall, , 1994 . However, fresh volcanic ash emissions are not the only factors that can be hazardous. The ash deposited at the surface from previous eruptions can be resuspended by winds and advected to other regions, as has been reported in various studies. In particular, Hadley and Hufford (2004) reported an episode of resuspended ash in Alaska during September 2003 and observed that the plume of lofted ash reached an altitude of over 1600 m and extended 230 km over the Gulf of Alaska. Leadbetter et al. (2012) modeled resuspended ash in case studies after the Eyjafjallajökull eruption using NAME (Numerical Atmospheric-dispersion Modeling Environment), the UK Met Office's Lagrangian particle dispersion model (Jones et al., 2007) , and found good agreement with PM 10 observations and satellite RGB dust product images. The dynamics of the resuspension of volcanic ash is quite similar to dust storm episodes and the resuspension of volcanic ash has been widely studied and modeled as dust storms (e.g., Gillette and Passi, 1988; Gu et al., 2003; Freudenthaler, 2006; Jugder et al., 2011; Dupart et al., 2012 ).
An episode of resuspension associated with the PCCVC activity occurred in Argentina from 14 to 17 October 2011, which impacted air traffic around Buenos Aires on 16 October where all flight operations were canceled by the national authorities (Secretary of Transport). The international airport in Montevideo, Uruguay, was closed to flight operations on 17 October with reports of ash deposited on the runways. Measurements were still being made in the aforementioned field campaign during this period and provide a unique opportunity to assess the impact of the resuspended ash and to evaluate models used to predict resuspension events. Folch et al. (2014) performed numerical simulations of the episode reported in this paper with the FALL3D model, focusing on the calibration of a variety of model parameters and treatments, including the resuspension process of ash deposited at the surface.
The objectives of this paper are -to analyze the near-surface and tropospheric thermodynamic and kinematic conditions that led to the resuspension of deposited volcanic ash into the atmospheric boundary layer and its transport towards the Buenos Aires area -to assess changes in the atmospheric moisture content and temperature of the thermodynamic vertical profiles due to the presence of the ash plume -to evaluate changes in the aerosol properties and concentrations in Buenos Aires during the resuspension event -to evaluate the performance of the Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) (Draxler and Hess, 1998) model as a tool to predict ash resuspension.
2 Measurements and methodology
Geographical location
The ash from the eruptions of the PCCVC (Fig. 1a ) in 2011 were deposited predominantly downwind in Argentina, in an arid region known as the Patagonian Steppe. The bare soil in this arid region, combined with the prevailing and strong westerly winds, promotes the occurrence of dust storms. The Patagonian Steppe is an extended (around 650 000 km 2 ) and semiarid region with scarce native vegetation. The northern border is an approximate diagonal that goes from 36.5 • S, 70.5 • W to 39.5 • S, 62 • W. The western and southern limits are variable and located close to the Andes Mountains and around 52 • S respectively. The temporal variability of the area is mainly due to the precipitation and temperature regimes -in particular, the winter accumulated precipitation (Fabricante et al., 2009 (Fig. 1b) . The results presented by Pujol et al. (2013) helped to confirm the volcanic origin of the detected aerosol layer. To identify the source of the ash/dust plume they used the concept based on reverse absorption (Prata, 1989 ) and 3.9/11/12 µm band empirical algorithm (Ellrod et al., 2003) . A technical report from the Instituto Nacional de Tecnología Agropecuaria (Gaitán et al., 2011 ) based on field measurements depicts the deposition zone (isopachs) in the same area. The report analyzes the spatial distribution of the ash over the Patagonian Steppe 6 months after the initial erup-A. G. Ulke et al.: Aerosol properties and meteorological conditions in the city of Buenos Aires tion, the relationship between the particle sizes, the soil and vegetation types. They also considered in their analysis the precipitation regimes and the soil moisture content. These data are relevant in the resuspension or remobilization of the deposited ash.
Datasets
The instrumentation deployed at Ciudad Universitaria (CU) (34.58 • S, 58.37 • W; at 30 m a.s.l.) during the field campaign to evaluate urban aerosol pollution is described by and Raga et al. (2013) , including a discussion of the associated measurement uncertainties and limitations. However, for the purpose of this study, we will only concentrate on the data obtained with the Vaisala CL31 ceilometer, a remote sensing instrument located at the site that provides the vertical profile of backscattered light from aerosols at a wavelength of 910 nm. The vertical resolution of the ceilometer is 20 m, ranging up to an altitude of 7000 m. The measurement frequency of the instrument is 0.5 Hz, but the data were averaged over 10 min intervals. The ceilometer backscatter measurements were converted to extinction coefficients using a least squares analysis with the in situ measurements of scattering and absorption, as described in detail in Raga et al. (2013) .
Additional information on aerosol optical properties was obtained from the AERosol RObotic NETwork (AERONET) site CEILAP-BA (34.57 • S, 58.5 • W; 10 m a.s.l.), which is maintained and operated by personnel at Centro de Investigaciones en Láseres y Aplicaciones and is located approximately 4 km west of the CU site. AERONET is a global network of surface-based stations that provide continuous information for the study of aerosol properties. This site was established by the National Aeronautics and Space Administration (NASA) and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire; Univ. of Lille 1, CNES, and CNRS-INSU) and currently there are numerous collaborators worldwide. The data are freely available at http://aeronet.gsfc.nasa.gov/. The detailed information on detection limits, limitations and assumptions for the retrieval, inversion algorithms and quality-control procedures is discussed in detail by Holben et al. (1998) , Eck et al. (1999) , Smirnov et al. (2000) , Dubovik et al. (2002) and O'Neill et al. (2001a O'Neill et al. ( , b, 2003 . Additional information is available on the AERONET web page (http://aeronet. gsfc.nasa.gov/new_web/system_descriptions.html and http: //aeronet.gsfc.nasa.gov/new_web/publications.html).
The observations are made with sun photometers of type CIMEL at multiple wavelengths (340, 380, 440, 500, 670, 870, 1020 and 1640 nm) (Holben et al., 1998) . The measurements are provided for three quality levels (level 1: unscreened; level 1.5: cloud screened; level 2: cloud screened and quality assured after a seven-step procedure) and their uncertainty ranges from 0.01 to 0.02 (Eck et al., 1999; Smirnov et al., 2000) . Data intermittence is mainly due to cloudiness over the site and/or the detection of anomalous values on the basis of their temporal variance.
The aerosol optical depth (AOD) is a measure of the extinction of solar radiation by the presence of aerosols in an atmospheric layer through which the light is traveling and indicates the columnar aerosol load in the local atmosphere. Several quantities are obtained from the measurements using inversion algorithms based on the AOD spectral dependence (e.g., aerosol size distributions, single scattering albedo, refractive indices and asymmetry parameter).
The Ångström exponent (α) shows the variation of the AOD with the wavelength (λ) of incident light. The 440-870 nm Ångström exponent (α 440−870 ) is computed from linear regression of ln AOD vs. ln λ for all AOD data available between the wavelengths of 440 and 870 nm and provides important information on the particle size distribution (Dubovik et al., 2002) . The larger Ångström exponents are due to higher spectral variation in AOD and are associated with smaller particles. Contrarily, the lower values of α indicate dominance of coarse-mode aerosol. Aerosol particles in the fine fraction are typical from urban/anthropogenic pollution (combustion products from fossil fuel or biomass burning) whereas those associated with natural sources belong to the coarse fraction (dust, marine aerosol, volcanic ash, bioaerosol) (Seinfeld and Pandis, 2006) .
The AERONET fine-mode fraction AOD 500 nm product (FMF) is the ratio of fine to total AOD obtained with the spectral deconvolution algorithm (SDA) using the measurements from 380 to 870 nm. The detailed information and evaluation of the SDA along with the assumptions and errors is fully documented in O' Neill et al. (2001a Neill et al. ( , b, 2003 Neill et al. ( , 2006 . Specifically, the FMF is an estimation of the optical effects of the fine-mode particles based on the spectral curvature in the observed optical depths instead of a cutoff radius. It is more robust because it can be applied in the cases of mixed aerosols (e.g., desert dust and combustion aerosols, clouds and smoke).
The quantities that were selected for analysis were the AOD 500 nm , the FMF AOD 500 nm and the Ångström exponent (α 440−870 ) level 2 data.
Products obtained from the observations of the CloudAerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) are also analyzed. The products are distributed by the NASA Atmospheric Science Data Center and are freely available at http://www-calipso.larc.nasa.gov/. Details of the products can be found in the CALIPSO Data Products Catalog . The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is the primary instrument on the CALIPSO satellite. CALIOP acquires vertical profiles of elastic backscatter at two wavelengths (1064 and 532 nm) from a near-nadir-viewing geometry during both day and night phases of the orbit. In addition to the total backscatter at the two wavelengths, CALIOP also provides profiles of linear depolarization at 532 nm. The detection limit is determined by a threshold setting in the layer detection algo-rithm . At night this threshold is about 2 × 10 −4 km −1 sr −1 in the mid-to lower troposphere and during daytime is a factor of 2 to 5 less sensitive.
The profiles are used by a scene classification algorithm composed of three submodules: cloud-aerosol discrimination (CAD) , aerosol subtyping ) and cloud ice-water phase discrimination ). Only two classes of tropospheric features are defined in the CAD algorithm: "cloud" and "aerosol". The first class includes clouds, fogs and mists, whereas hazes belong to the aerosol class. The aerosol classification algorithm only operates on those inputs from the CAD algorithm that have been classified as aerosols. Six aerosol types are defined: clean continental, clean marine, dust, polluted continental, polluted dust and smoke. To determine aerosol type, these algorithms use the volume depolarization ratio (the ratio of the perpendicular to parallel components of the total attenuated backscatter) and the integrated attenuated backscatter (the vertical integral of the product of the backscatter and atmospheric transmittance due to particles and molecules between the base and the top of the detected layer), along with information on surface type and layer altitude. The volume depolarization ratio is used to identify aerosol types with a substantial mass fraction of aspherical particles (e.g., a mixture of smoke and dust). The integrated attenuated backscatter is used to discern instances of transient high aerosol loading over surfaces where this is not usually expected. The total attenuated color ratio (the ratio of the total attenuated 1064 and 532 nm backscatters) is not used in the subtyping algorithm and is an independent quantity that contributes to classify the features.
Although the standard processing algorithms do not attempt to identify material as volcanic, CALIOP observations have been used to study the plumes from a number of volcanic eruptions. Polarized lidar backscatter signals can be used to discriminate between ash and sulfate aerosol resulting from volcanic emissions because light scattered from spherical particles, such as sulfate aerosol droplets, retain the linear polarization of the incident light, whereas backscatter from irregular solid particles, like ash, is depolarized (Winker et al., 2012; Vernier et al., 2013) .
According to Winker et al. (2012) , about half the ash layers from Eyjafjallajökull were classified as cloud, and otherwise as either "desert dust" or "polluted dust", due to the depolarization signature of the ash. They identified the layers of volcanic origin by visual inspection of backscatter, volume depolarization and attenuated color ratio browse images and also considered the altitude and layer morphology to help distinguish the plumes from cirrus, desert dust and boundary layer aerosols. Based on similarities found by Schumann et al. (2011) between the measured properties (size distribution, composition and shape) of transported Eyjafjallajökull ash and desert dust, Winker et al. (2012) assumed that ash plumes observed after transport of more than 1 day will have optical properties similar to those of transported desert dust.
Aiming to improve volcanic ash warnings for aviation safety, Vernier et al. (2013) developed a methodology to discern low volcanic ash loadings and to describe the three-dimensional structure of the ash cloud. The method is based on visual inspection of optical properties (depolarization and color ratios) of the ash plume from the PCCVC detected by CALIOP at altitudes near 6-13 km over Australia and New Zealand. In this contribution we use a similar approach to Winker et al. (2012) and Vernier et al. (2013) : the inspection of the CALIPSO browse images of total integrated backscatter, volume depolarization ratio and color ratio and the comparison of the retrieved values in our case with those reported in their papers.
The surface data from synoptic stations located at the Buenos Aires airports (Ezeiza and Aeroparque), the mandatory aviation weather reports (scheduled/not scheduled) METAR (METeorological Airport Report)/SPECI (SPECIal meteorological airport report) and upper-air observations at 12:00 UTC (09:00 LST) were provided by the SMN. An extended analysis was performed on the radiosondes launched from the airports in Ezeiza (34.82 • S, 58.53 • W; 20 m a.s.l.) and Santa Rosa (36.57 • S, 64.27 • W; 190 m a.s.l.). Santa Rosa represents the northern limit of the Patagonian Steppe and Ezeiza is the closest to the experimental site (see Fig. 1a ). Regarding the surface meteorological information, the wind speed and direction at Aeroparque and the METAR/SPECI reports were considered in order to relate the dispersion conditions with the aerosol measurements.
The Global Data Assimilation System (GDAS) at 1 • × 1 • resolution of the National Center for Environmental Prediction (NCEP) meteorological data were used to analyze the meteorological conditions and to drive the HYSPLIT model.
Finally, the official data from the air quality network of the government of the city of Buenos Aires (GCBA) were analyzed to independently confirm the impact of the resuspended ash. Ulke et al.: Aerosol properties and meteorological conditions in the city of Buenos Aires trations for the analyzed period were provided upon request by the air quality division of the city government (GCBA, 2016) . The measured values and their evolution during this event were analyzed and compared to the typical urban values.
3 Analysis of the meteorological conditions
Vertical profiles
The thermodynamic evolution during this case study is illustrated by the vertical profiles shown in Fig. 2 . The Santa Rosa and Ezeiza soundings are analyzed for 14 to 16 and from 15 to 17 October, respectively, following the northeastward displacement of the volcanic plume. These are compared with the mean decadal soundings obtained by Velasco and Necco (1980) . The Santa Rosa thermodynamic profiles exhibit a warm layer located from the surface to ∼ 800 m throughout the period analyzed compared to the mean temperature profile (Fig. 2a) . Note that initially the near-surface temperature inversion is shallow (compared to the mean) and weakens with time, evolving into an adiabatic lapse rate. This evolution is mainly driven by the stronger radiative heating of the surface (almost bare soil covered with volcanic ash), not by advection or turbulent mechanical mixing. As the difference between the temperature (T ) and the dew point temperature (T d ) at fixed levels is proportional to the relative humidity, dry layers are observed that are likely associated with the presence of a mixture of silica and dust in the air (Lathem et al., 2011) . On 14 October 2011 the dry layer extended from 300 to 1200 m. Note that in this layer the mixing ratio (the water vapor content, g, per unit of dry air, kg) decreased from 5.2 to 0.8 g kg −1 . Although this behavior continued on the following day, the drying diminished (mixing ratio varied between 5.2 and 2.7 g kg −1 ). Schumann et al. (2011) and Miffre et al. (2012) also reported this atmospheric behavior in their analysis of the Eyjafjallajökull eruption. The relevant dynamic features of the vertical profiles are as follows:
i. between 14 and 15 October the wind speed is accelerating above 300 m, hence increasing in the potential to resuspend and transport the ash;
ii. veering of the wind from west to mainly south throughout the free troposphere on 15 and 16 October produces the ash displacement towards the northeast (Fig. 2a) .
The Ezeiza thermodynamic profiles also exhibit warmer conditions than the climatological mean values (Fig. 2b) up to ∼ 1.5 km height during the first 48 h; however, on 17 October 2011 the temperature is lower, coinciding with the northeastward movement of the high-pressure system that covers northern Patagonia and central Argentina (Fig. 3) . A drier atmosphere than the mean decadal values (Fig. 2b) is also evident. This feature is prominent on 16 October, which shows a (b) (a) Figure 2 . Thermodynamic profiles at 12:00 UTC over (a) Santa Rosa and (b) Ezeiza: wind (in ms −1 , barbs) and temperatures (in • C; air temperature is the solid line and dew point temperature is the dotted line). The red curves are the mean decadal soundings obtained by Velasco and Necco (1980) . dry layer from the surface up to 1.8 km and an extreme drying in the layer from the surface up to 400 m. The mixing ratio decreased from 8.5 to 3.5 g kg −1 (Fig. 2b) . This drying is also associated with static stability coinciding with the presence of the resuspended material over Buenos Aires. The wind speed at the surface decreased from 5 ms −1 to mostly calm during this period (Fig. 2b) , contributing to stagnation and increased ambient aerosol concentration (see Fig. 5a , b, c).
Synoptic analysis
The analysis of the relevant synoptic-scale features every 6 h was performed for several days prior to the resuspension event, but only the times that coincide with the radiosonde launches at Ezeiza shown in Fig. 2b are presented here.
On 15 October at 12:00 UTC an anticyclonic system was centered at about 32 • S, 95 • W, accompanied by a lowpressure system in southern Patagonia (Fig. 3) . The associated horizontal pressure gradient produces strong nearsurface southwesterly winds as far north as ∼ 40 • S, capable of lifting the deposited ash. The contours of the 500-1000 thickness reveal a relatively warm air mass in northern Patagonia (Fig. 3a) . North of 40 • S near-surface winds were weak, in accordance with the upper-air measurements. The equivalent potential temperature (θ e ) at 850 hPa is used to follow the suspended ash and the value of ∼ 305 K is considered indicative of the air mass which is restricted to an undulating region located between 42 and 35 • S (Fig. 3b) . The location of this air mass coincides with an area of anticyclonic vorticity at 500 hPa (not shown) indicating a stable synoptic environment. On 16 October at 12:00 UTC the contour of θ e ≈ 305 K is observed over the northern area of Buenos Aires (Fig. 3d ) coincident with the warm layer represented by the 500-1000 thickness (Fig. 3c) . Buenos Aires is located between a lowpressure system over the Atlantic Ocean and an anticyclonic system to the west (Fig. 3d ). The associated airflow shows a strengthening of near-surface winds that advect the ash towards the region of Buenos Aires. During the first 12 h of 17 October, the high-pressure system extended to the Atlantic Ocean (≈ 40 • W) and, in the area of the city, the nearsurface winds became easterly as shown in Fig. 3e . The θ e values of 305 K are displaced to the north of Buenos Aires (Fig. 3f) , and the city of Buenos Aires was no longer under the influence of the volcanic ash.
Surface winds at Aeroparque (Fig. 4) on 15 October are from the NW sector, ranging from 2 to 6 ms −1 , with the maximum strength at 15:00 LST. Calm conditions in the early morning hours of 16 October are followed by light winds (2 ms −1 ) with variable directions. An anticlockwise veering is observed from SW to N till 15:00 LST. A large wind increase occurred after that time (reaching ∼ 7.5 ms −1 ), along with a clockwise turning consistent with the entrance of the high-pressure system previously mentioned. The increase of the surface wind promotes turbulent mixing and the resulting enhancement of the mixing layer height (see Fig. 5a ). The following day wind comes from the SE sector with the highest intensities (∼ 7 ms −1 ) at the beginning of the day and the least (∼ 2 ms −1 ) around midday, in agreement with the highest extinction magnitudes registered by the ceilometer (see Fig. 5a ).
The presence of volcanic ash was reported on 16 and 17 October by the METAR/SPECI reports. The Aeroparque airport reported the presence of ash from 08:00 UTC on 16 October until 08:00 UTC on 17 October. Ezeiza and Carrasco (Uruguay) airports documented it from 13:00 UTC on 16 October until 09:00 UTC 17 October and from 13:00 UTC on 16 October to 17:00 UTC on 17 October respectively. All airports in the area were closed for flight operations during the whole day due to the presence of volcanic ash not only in the atmosphere but also deposited on the runways.
Analysis of aerosol properties

Surface-based measurements
The objective of the 24 h continuous measurements obtained with the instrumentation deployed at the research site in CU was to evaluate the properties of ambient aerosols associated with urban emissions. Nevertheless, those measurements can also help to identify the presence of non-urban aerosol during the episodes of volcanic ash.
In accordance with the meteorological reports, the ceilometer measurements (Fig. 5a ) indicate the arrival of the resuspended ash around midnight on 15 October and the persistence during 16 October. On 15 October the small values of the extinction coefficient from the ceilometer are indicative of a clean air mass over the measurement site. In contrast, large extinction values denote the presence of the volcanic ash the early hours of 16 October and persisting for many hours. During nighttime and early morning hours, aerosols were present in a layer that extended up to ∼ 500 m. Recall from the results in the previous section that the wind was calm in Buenos Aires during this day, leading to higher ambient concentrations of particles with a large extinction signal. The development of the convective boundary layer is evident from the ceilometer data after local noon, with aerosols reaching a mean height of 1000 m late in the afternoon and the top of the plume of aerosols at 2000 m. On the day of the arrival of the resuspended ash, the plume appears highly nonuniform with different "filament-like" layers contributing to enhance the near-surface concentrations throughout most of the day.
A remarkable feature is that the layer with the highest extinction values (∼ 100 Mm −1 ) in the ceilometer measurements shown in Fig. 5a is coincident with the important drying observed in the Ezeiza thermodynamic sounding (see Sect. 3.1). The highly variable extinction coefficient throughout 16 October reflects the inhomogeneity of the aerosol layer and the effect of mechanical and thermal turbulence. By 17 October the larger-scale circulations have moved the ash away from the Buenos Aires region as is evident in the temporal evolution of the extinction coefficient, which is consistent with the typical urban plume, initially in a shallow, stable boundary layer followed by a well-developed convective boundary layer (see Fig. 5a ).
The influence of the resuspended ash is also seen in the PM 10 measurements. All the monitoring network sites in the city show increased concentrations of PM 10 and the La Note that the PM 10 concentration at La Boca (Fig. 5b ) starts to increase around midnight on 15 October, consistent with the resuspended ash plume arriving into the city. The average hourly value of PM 10 at this station for all other days during the month of October is only about 25 µgm −3 . The hourly PM 10 concentrations show an important and rapid build-up on 16 October, from around 100 µgm −3 at 01:00 LST, reaching the maximum (∼ 900 µgm −3 ) in the afternoon and persisting until midnight. By 17 October the ash plume has either been advected out of the region or mostly deposited onto the surface, since PM 10 concentrations decreased to approach the typical background values. This behavior is consistent with the ceilometer measurements and those reported by Folch et al. (2014) for Córdoba-CABA monitoring site (see their Fig. 11) .
The elevated concentrations observed on 16 October can indeed be identified as ash, since the independent METAR/SPECI reports indicate the presence of ash at the Aeroparque airport located only 1 km away from the research site (see Sect. 3.2).
Moreover, Level 2 AERONET measurements from CEILAP-BA indicate a significant contribution of the fine mode to the total AOD on 15 October (FMF varies from 0.48 to 0.89, with a mean value of 0.69), whereas during the following days the AOD data indicate that the coarse mode dominates (FMF ranged from 0.29 to 0.32 with a mean value of 0.30 on 16 October and between 0.37 and 0.47 with a mean of 0.40 on 17 October). On 16 October few AOD level 2 data (from 07:00 to 08:00 LST) are available due to the presence of clouds, ash and dust over the site. These results are in accordance with those reported by Papayannis et al. (2012) over Europe after the Eyjafjallajökull eruption. Figure 5c indicates that on 15 October the values of the Ångström exponent and AOD 500 nm are typical of anthropogenic (mostly urban) sources, coinciding with the greater proportion of fine aerosols. Contrarily, from 16 to 17 October the small Ångström exponents are related to coarse-mode aerosols in agreement with the fine-mode fraction behavior. The elevated AOD 500 nm coincides with the presence of the resuspended ash plus dust on the atmospheric column over Buenos Aires. It is notable how both parameters fall outside their mean values and standard deviations, particularly on 16 October. These results show behavior similar to that reported by Eck et al. (2005 Eck et al. ( , 2010 , Kim et al. (2011 ), Papayannis et al. (2012 and Lyamani et al. (2015) . Figure 6 shows the CALIOP browser images corresponding to the total attenuated backscatter (TAB) at 532 nm and the aerosol subtype for the times of the overpass of the satellite over the region of the present study. The TAB signal strength is provided by the CALIPSO team in a color code such that cirrus clouds appear in gray/red/yellow colors and mid-and low-altitude clouds in white/gray/red colors. Aerosols show up as green/yellow/orange/red colored features.
Satellite measurements
Based on analyses of the CALIOP data aiming to discriminate clouds from aerosols, Liu et al. (2009) found that clouds have a bimodal distribution centered, respectively, at ∼ 0.1 and ∼ 0.01 km −1 sr −1 of attenuated backscatter and ∼ 0.95 and ∼ 1 of color ratio, while aerosols have a single-mode distribution centered at ∼ 0.003 km −1 sr −1 of attenuated backscatter and ∼ 0.45 of color ratio. There is a small overlap region mainly seen between 0.004 and 0.01 km −1 sr −1 for TAB and 0.5-0.9 for the color ratio. Dust aerosols usually have large backscatter color ratios due to their large size (Seinfeld and Pandis, 2006) . The magnitudes of depolarization ratios for cirrus and dense water clouds are, respectively, around 0.5-0.6 and 1. These values are larger than those for aerosols (from ∼ 0 to 0.1). Dust particles normally have larger depolarization ratios due to their asphericity (∼ 0.2-0.4). In their aerosol subtyping algorithm, Omar et al. (2009) found that although the distributions of total attenuated color ratios are not identical, the mean values for the types dust, smoke and polluted dust are centered around 0.5.
Focusing on the detection of volcanic ash, Winker et al. (2012) found the magnitude of the attenuated backscatter of the ash layer to vary from 3.5 × 10 −3 to 5 × 10 −3 km −1 sr −1 , the magnitude of the volume depolarization from around 0.3 to 0.4 and the magnitude of the attenuated color ratio between 0.5 and 0.7. Vernier et al. (2013) showed that the PCCVC plume was primarily made of highly depolarized ash. The volcanic ash layers exhibited color ratios near 0.5, significantly lower than unity, as is observed in ice clouds and a high volume depolarization ratio (0.3-0.4).
On 14 October, the CALIPSO profiles revealed a zone with TAB ranging from 2.5 × 10 −3 to 4 × 10 −3 km −1 sr −1 located over the Patagonian Steppe (∼ 39 • S and 65 • W, reaching 2 km height) (Fig. 6a) . The vertical feature mask (not shown) clearly discriminates this feature as aerosol and the aerosol subtype is dust (Fig. 6b) . This zone displayed volume depolarization ratios between 0.3 and 0.4 and color ratios near 0.5 (not shown). This behavior is in agreement with the findings of Winker et al. (2012) and Vernier et al. (2013) for volcanic ash.
The CALIOP observations during the nighttime satellite pass on 15 October depict TAB values ranging between 7 × 10 −4 and 3 × 10 −2 km −1 sr −1 at ∼ 40 • S, 64.5 • W to 34 • S, 63 • W, rising up to 3 km above ground (Fig. 6c) . The depolarization ratios (not shown) range from 0.1 to 0.5, where the predominant values are between 0.3 and 0.4 with a heterogeneous structure. The attenuated color ratio (not shown) exhibits a majority of values around 0.5-0.6, but they also show magnitudes around 1, consistent with the presence of mixed clouds (water/ice) at southern latitudes, coinciding with the vertical feature mask (VFM) (not shown). Figure 6d shows that these features decoded by the CALIPSO aerosol inversion algorithms correspond to mostly dust, polluted dust and polluted continental.
For the daytime CALIPSO pass of 16 October, the lidar reported 532 nm total attenuated backscatter ranging from 1.5 × 10 −3 to 2 × 10 −2 km −1 sr −1 , located at ∼ 34 • S, 63 • W to 29 • S, 64.5 • W, with a vertical extent reaching 2500 m (Fig. 6e) . The gray colors are associated with clouds. The depolarization ratio is dominated by values around 0.4-0.5 (not shown) and the attenuated color ratio (not shown) in the upper part of the signature mostly corresponds to water (1). Below this layer a mixture of values from 0.5 to 0.7 is observed in coincidence with water and unknown values (the VFM (not shown) has low confidence in discriminating the features/aerosols). The aerosol layer is identified as dust and polluted dust as shown in Fig. 6f .
Analysis of HYSPLIT simulations
Methodology and setup
Four months after the initial eruption of the PCCVC in June, the activity of the volcanic complex was weak and the ash column relatively shallow during the period studied here; hence there was little chance of fresh emissions reaching Buenos Aires in October. The observed ash plume and the ash deposited on the runways and surrounding area of the city airport on 16 October have to be associated with a resuspension event of previously deposited volcanic ash in northern Patagonia. The synoptic analysis and the thermodynamic soundings of the days prior to the arrival of the ash plume in Buenos Aires are all consistent with the hypothesis of advection after an event of ash resuspension. In order to test this hypothesis we use the HYSPLIT model (available from http://www.arl.noaa.gov/ready/hysplit4.html) with the "dust storm" module.
Events of resuspension of volcanic ash are dynamically similar to dust storms, so the lifting and subsequent advection of the ash particles can be simulated using the dust emission algorithm included in the current public version of HYS-PLIT, which has been previously evaluated for several windblown dust emissions (Draxler et al., 2001; Stein et al., 2015) .
The "dust storm" option of HYSPLIT uses the concept of a threshold friction velocity dependent on surface roughness and soil type. A pre-processor for "desert" soil type identifies a dust emission cell, and particles are emitted when the local wind speed exceeds the threshold set for the particular soil characteristics (Draxler et al., 2001 (Draxler et al., , 2013 . The numerical experiments simulating the dust storm were performed utilizing the Kantha-Clayson turbulence parameterization in the vertical and horizontal turbulence proportional to the vertical. A total of 45 000 particles were resuspended at each grid cell where the desert soil type is found and when the threshold wind velocity is exceeded. The number of particles was chosen according to those reported in the literature (Escudero et al., 2006; Dupart et al., 2012) . Leadbetter et al. (2012) stressed that incorporating soil moisture and soil-type changes such as those that occur in the case of ash deposits is crucial for the modeling of resuspension. In order to better represent the soil conditions during this event, we modified the default land-use file (that has a similar resolution as the GDAS meteorological fields) with the inclusion of desert soil grid points in the location of the deposited ash in the Patagonian Steppe.
Runs were initialized on 13 October 2011 at 18:00 UTC and lasted for 96 h. We present here only a few selected times from the simulations that coincide with the overpass of the CALIPSO satellite in order to perform a qualitative analysis of the results. In particular, we show the results for 14 October at 18:00 UTC (Fig. 7a-c) , 15 October at 06:00 UTC (Fig. 7d-f) and 16 October at 18:00 UTC (Fig. 7g-i) .
Analysis of modeling results
The HYSPLIT dust algorithm clearly located the emission cells at the arid zone over the Patagonian Steppe and as this zone was coincident with the CALIPSO overpass, we also use the resulting vertical cross sections. On 14 October at 18:00 UTC, the simulated horizontal plume (Fig. 7a) is consistent with the synoptic environment and the advection of the particles is carried out by strong near-surface SW winds veering clockwise (cyclonic circulation for the Southern Hemisphere) and reaching the Atlantic Ocean. The simulated vertical cross sections around the time of the satellite overpass highly resemble the lidar measurements in horizontal location (∼ 40 • S, 64 • W) and also in the height of the plume near 2 km (compare Figs. 7b, c with 6a, b) .
Although the CALIPSO ground track is tangential to the area of interest and the zone of particle emissions, a comparative analysis with the modeling results for 15 October at 06:00 UTC is still instructive. The horizontal plume pattern (Fig. 7d) resembles the low-level flow as described in Sect. 3.2 and shown in Fig. 3a (although the depicted meteorological field is 6 h later, the field configuration is quite similar). The distinguishable feature measured by CALIPSO, which contains cloud plus volcanic ash plus dust located around 38 • S, 64 • W, previously analyzed (see Fig. 6c, d) , is captured by the model although the vertical extent is underestimated (Fig. 7e, f) .
On 16 October at 18:00 UTC, the HYSPLIT particle plume displacement follows the strong SW winds over the southern Buenos Aires province. The divergent feature of the plume (Fig. 7g) over the Atlantic Ocean is fairly consistent with the meteorological fields (see Fig. 3c, d ). The location of the CALIPSO trajectory (west of the HYSPLIT particle plume) precludes the comparison with the vertical cross sections.
The model reproduces the dust plume being advected from the steppe into the Buenos Aires Metropolitan Area and the highly populated cities of Córdoba (31. . In addition to the evidence from the CALIOP measurements, the METAR information reported volcanic ash at those locations, as well. Córdoba reported volcanic ash from 23:00 UTC on 16 October until 13:00 UTC on 18 October and Rosario from 17:00 UTC on 16 October to 13:00 UTC on 17 October, consistent with the northward displacement of the plume. Although the goal of our study is not the comparison of the HYSPLIT dust storm module results with other model simulations, a brief qualitative comparison with results reported by Folch et al. (2014) for 16 October 18:00 UTC is done. We compared the horizontal distribution of particles as well as the time of arrival of the ash plus dust over the airports where we have information (METAR/SPECI). The Folch et al. (2014) study was focused on the calibration and evaluation of their new resuspension module within a refined numerical modeling system WRF-ARW/FALL3D specially designed for volcanic eruptions and dispersion of volcanicorigin material. The FALL3D model can predict the field of volcanic material concentrations. They evaluated the performance of different resuspension modules with derived quantities (total suspended particles derived from visibility data which is reported by the SMN weather stations) using as control case the measured PM 10 concentrations in Buenos Aires city. Analyzing their fields of mass concentration (see their Fig. 7 ) and comparing with our HYSPLIT simulation at similar times, and keeping in mind that our fields are "horizontal particle distributions", a similar behavior of the horizontal distribution is evident and the better agreement is with their new Shao (SH) scheme.
As previously mentioned, Folch et al. (2014) calibrated the resuspension in the FALL3D model analyzing the performance of three parameterizations originally developed for dust particle resuspension. In their calibration, they used visibility reports in Aeroparque (see their Fig. 6 ) and afterwards they made a comparison with the remaining proxy data (estimated concentrations from 15 meteorological stations and plume arrival times (see their Figs. 8 and 9 ). They found an underestimation of concentrations in the far field stations with all resuspension schemes. Afterwards, they compared the characteristic arrival time in terms of the decrease of the concentration to half the maximum value, with similar results for the three schemes. Focusing on the PM 10 concentrations in the same event that we are analyzing in our paper, Folch et al. (2014) mention that the schemes that rely on the emission strength and friction velocity (the more sophisticated ones, Marticorena and Bergametti (MB) scheme, and SH) widely underestimate the measured concentrations at GCBA monitoring stations. They concluded that these results are due to the underestimation of the friction velocity by the meteorological model (WRF-ARW) that provides the input meteorological field to FALL3D. In fact they show that the MB and SH schemes need the friction velocity provided by the meteorological model, which in turn is strongly dependent on the soil moisture field in the same meteorological model. They found best agreement when their predicted concentrations considering dry soil were compared to PM 10 GCBA measurements (see their Fig. 11) . As a consequence, our results are consistent with their findings in spite of the more simple modeling strategy we have applied. As we mention in the introduction, the driving mechanisms of the dust storm module in HYSPLIT are the near-surface wind speed and the soil type. The deposited ash was already in an arid region (the Patagonian Steppe) which is frequently a source of windblown dust. In addition, in this particular event, the soil conditions were drier than the climatological values as documented in the SMN reports.
Summary and conclusions
In June 2011, the PCCVC in southern Chile erupted explosively and released an ash plume that caused air traffic disruption throughout the Southern Hemisphere. The eruptive activity decreased in intensity by July and low-level isolated emission events lasted until February 2012. A significant amount of PCCVC ejecta of the initial eruption were deposited on the ground in neighboring Argentina. Some of that material was later resuspended by low-level winds, similar to particles in a dust storm, and transported around 1400-1700 km from the emission source. One such resuspension episode that occurred in mid-October 2011 impacted Buenos Aires and resulted in the closure of both its airports.
In this study we analyze the meteorological conditions that led to the episode of volcanic ash resuspension and its transport to the city of Buenos Aires and relate the event with the measurements of aerosol properties being carried out at CU.
The synoptic conditions supported the presence of very intense near-surface winds in northern Patagonia, where the ash had been deposited after the initial eruptions of the PC-CVC. Moreover, the patterns were optimal for the transport to the region of Buenos Aires. The analysis of thermodynamic soundings indicated that the presence of the resuspended ash resulted in a drying of the lower troposphere, an effect already reported in studies elsewhere as a result of the ash composition.
Light-absorbing particles, not associated with typical urban pollution in Buenos Aires, were identified on 16 October, coinciding with METAR reports of ash on the runways at both airports and very large PM 10 concentrations reported by the air quality network in the city, exceeding the daily standard by up to 60 %. Moreover, the ceilometer measurements detected the presence of the ash plume, with a nonuniform vertical structure that clearly impacted the CU research site from midnight on 15 October until late evening on 16 October. Independent measurements from AERONET indicated an increase in the aerosol load, and spectral features of the aerosol particles consistent with the presence of the resuspended ash plus dust advected towards the city. In consequence, the information provided by these measurements is further evidence that in this event the airborne aerosols in Buenos Aires city are in the coarse-mode fraction and not typical urban pollution that is in the fine-mode fraction. On the regional scale, the lidar measurements from the CALIOP satellite supported the analysis of the resuspension and further transport of the ash plus dust. The HYSPLIT model with the dust storm module was used to simulate the episode based on the similarity of the dynamics of ash resuspension and dust storms with satisfactory results.
The resuspension of aged volcanic ash combined with dust from the Patagonian Steppe appears to be a result of a superposition of several factors:
-The region where ash was deposited is a recognized source of windblown dust due to the combination of the arid soil and quasi-permanent strong westerly winds, conditions that favor lifting mechanisms for dust.
-The climatological analysis revealed 2011 as a particularly dry year.
-The meteorological conditions on these days were characterized by intense southwesterly winds ahead of a high-pressure system over the Patagonian Steppe.
In general, the simulations with the HYSPLIT model captured the resuspension episode and the ash plus dust plume timing and location after the surface soil type appropriate for the Patagonian Steppe had been incorporated in the model. The introduction of the proper soil type in the model was crucial for producing reasonable results. This study demonstrates the applicability of the dust storm module in HYSPLIT as an adequate tool for the simulation of ash resuspension under the conditions prevalent in Patagonia. Given the large number of volcanoes in the Patagonian Andes and the prevailing westerly winds, it is very likely that most of the ash from future eruptions will again fall over the Patagonian Steppe, where conditions will be conducive to resuspension episodes that can potentially affect air traffic in the vicinity of large urban centers.
Data availability
The ceilometer raw data analyzed in this investigation are available by contacting anagulke@gmail.com. AERONET and CALIPSO information is respectively available at http://aeronet.gsfc.nasa.gov/ and http://www-calipso.larc.nasa.gov/.
The hourly surface meteorological data and upper-air information are available by contacting SMN at smn@smn.gob.ar. The GDAS meteorological data are accessible at https://www.ncdc.noaa.gov/data-access/model-data/ model-datasets/global-data-assimilation-system-gdas, the NOAA's National Centers for Environmental Information. The HYSPLIT model and the meteorological files to drive the simulations are available from http://www.arl.noaa.gov/ready/hysplit4.html. Monthly PM 10 records are available from http://www.buenosaires.gob.ar/ agenciaambiental/monitoreoambiental, while hourly PM 10 data are accessible by contacting the air quality division of the city government at http://www.buenosaires.gob.ar/ agenciaambiental/maildecontacto.
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